We report the results of experimental investigations of controlled domain wall (DW) pinning in a ferromagnetic nanowire (NW) by stray fields of two uniformly magnetized bistable ferromagnetic nanoparticles (NPs) placed on either side of the NW and elongated parallel to the NW axis. We show by magnetic force microscopy that DW pinning strength essentially depends on the orientation of the NP magnetic moments relative to the NW magnetization. The logic cell with a switchable logical function is discussed.
I. INTRODUCTION
T HE domain wall (DW) motion in ferromagnetic nanowires (NWs) is the subject of intensive investigations motivated by perspective applications in magnetic memory and magnetic logic devices [1] , [2] . The computational processes in such devices are based on the controlled movement of DWs under an external magnetic field or a spin-polarized current [3] - [7] . In this regard, special researches are focused on the precise DW positioning in NW through the creation of local traps for controllable DW pinning/depinning. In particular, a number of studies have been devoted to DW pinning at the artificial defects of NWs in the form of protrusions and recesses of various shapes [8] - [16] . These defects play the role of stationary traps, while the DW pinning/depinning control is performed by changing the magnitude and duration of the external magnetic field pulses. Another promising possibility of controllable DW pinning is the use of local magnetic fields generated by single-domain magnetic nanoparticles (NPs) located near the NW. The DW pinning in such systems is caused by interaction between the DW and the NP stray fields. In this case, the pinning energy and the depinning field strongly depend on the relative orientation of the magnetic moments in the NW-NP system and can be easily changed by remagnetization of the NP subsystem. In particular, the DW pinning caused by magnetic interaction between the NW and the ferromagnetic nanobar (NB) has been reported in [17] and [18] . It was shown that a system of NBs placed on one side of the NW enables the control of NB-DW interaction and particularly allows one to realize the asymmetric potential landscape for the DW motion. A combination of an NB and a trap was used for tunable pinning of the DW in nanoconstriction [19] . In this case the NB was situated perpendicular to the NW near a notch. It was shown that the stray field of NB essentially changes the magnitude of the pinning energy dependent on the relative orientation of the magnetization in DW and NB. In the development of this approach, we proposed to use two ferromagnetic NPs situated on either side of the NW perpendicular to the NW axis for the controlled pinning of DW [20] . It was shown that in this case, the DW potential relief has the form of symmetric barriers or wells with different pinning energy. In particular, it was demonstrated that the relation between the DW nucleation field and the depinning fields in various configurations of NP magnetic moments allows one to realize a logic cell (LC) performing the exclusive OR logical operation. On the other hand, recently we considered theoretically another NW-NP system with NPs placed on either side of NW, but elongated parallel to the NW axis [21] . It was shown that this system has a different configuration of the NP stray fields, which leads to the asymmetric potential relief for the DW motion. In this paper, we present the results of the experimental investigations of controllable DW pinning in the NW-NP system suggested in [21] and discuss the possible realization of logic cell with switchable logical operations.
II. EXPERIMENT AND METHODS
We investigated a permalloy (Ni 80 Fe 20 ) planar system consisting of an NW and two NPs placed on either side of the NW. The NW-NP system was fabricated by e-beam lithography and ion etching. The details of the fabrication are described in [20] . The scanning electron microscope (SEM) image (plan view in secondary electrons) of the sample is shown in Fig. 1 . The SEM contrast in this mode underscores the edges of the structure [22] and looks like a dark border with no vertical edges. The fabricated NW-NP system had the following geometrical parameters: thickness 15 nm; NW width 270 nm; and NW length 3 µm; NPs were 270 × 500 nm 2 and the separation between NW and NPs was about 70 nm. One end of the NW was fabricated in the form of a circular disk for stimulated DW nucleation in this area [20] , [23] , [24] . The diameter of the nucleating part was 700 nm.
The magnetization reversal processes in the NW-NP system were studied using magnetic force microscope (MFM) Solver HV (NT-MDT Company), which was equipped by 0018-9464 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. a dc electromagnet (the maximal magnitude of the magnetic field is 0.1 T). The standard NSG-11 cantilever with Co coating was used as the MFM probe. The MFM measurements were performed in the constant-height mode with double-amplitude of the cantilever oscillations of 30 nm and an average scanning height of 50 nm. The MFM contrast is proportional to the phase shift of cantilever oscillations under the gradient of magnetic force [25] . Additionally, the DW structure and the remagnetization effects in the NW-NP system were studied by computer micromagnetic modeling using the standard object oriented micromagnetic framework (OOMMF 1.2 alpha 5) code [26] . The calculations were performed for the typical permalloy parameters: the saturation magnetization was M S = 8.6 × 10 5 A/m, the exchange stiffness was A = 1.3 × 10 −11 J/m, and the damping constant was 0.5. In calculations, the NW-NP system was discretized into rectangular parallelepipeds 2 × 2 × 5 nm.
III. RESULTS AND DISCUSSION
We investigated DW pinning/depinning processes dependent on the configuration of magnetic moments in the NP subsystem. The DW pinning and NW-NP system remagnetization were registered by MFM. The experiments had the following protocols. Initially, the sample was magnetized from right to left (see Fig. 1 ) in an external magnetic field applied along the NW axis. Afterward, we applied the opposite magnetic field (directed from left to right) and observed the reorientation of magnetization in the nucleating pad accompanied by the formation of a head-to-head DW. The nucleation field for our system was H Nuc = 17 mT. Further, we increased the magnetic field up to a full NW magnetization reversal. There are four different configurations of the NP magnetic moments, as shown in Fig. 2 . First, we studied the NW magnetization reversal in the NW-NP system with magnetic moments corresponding to configuration I. The sequential stages of the NW remagnetization experiment are shown in Fig. 3 . The dark poles of the MFM contrast correspond to the south magnetic poles (while light poles correspond to the north poles) in quasi-homogeneous distribution of the NP and NW magnetization. The magnetic configuration of the system is shown schematically in the pictures by filled arrows. The initial state of the system was prepared as follows. First, the NPs and NW were magnetized from right to left in a strong external magnetic field. Afterward, the inverse magnetic field with magnitude H < H Nuc was applied and the direction of magnetization in both NPs was changed by the local field of the MFM probe. The technique of MFM tip-induced remagnetization of NPs is described in detail in [27] - [29] . The MFM image of initial configuration I is shown in Fig. 3(a) . After the preparation of the initial state, we applied a gradually increasing external magnetic field directed opposite, toward the NW magnetization. When H exceeded the nucleation field at 17 mT, we observed the appearance of an additional bright pole in the MFM image [this pole is indicated by a white arrow in Fig. 3(b) ]. As shown by micromagnetic simulation, the appearance of this additional pole can be explained by the formation of a head-to-head DW in the NW. The corresponding magnetization distribution and model MFM image are shown in Fig. 4 . As clearly seen for our NW, the DW spin structure corresponds to the transverse wall [30] . The DW was stable in external magnetic fields up to H = 24 mT, but when H exceeded 24 mT (DW depinning field in configuration I, H DI ) we registered the remagnetization of the NW [see the change in the MFM contrast at the NW end in Fig. 3(c)] .
A different situation was observed in the remagnetization experiment with configuration II. The MFM images of sequential stages of the magnetization reversal for this case are shown in Fig. 5 . The initial state was prepared by magnetizing the NW-NP system from right to left in a strong external magnetic field [ Fig. 5(a) ]. After applying a 17-mT reversed magnetic field, we observed in the MFM image the appearance of an additional bright pole in front of the NPs [see the MFM contrast distribution in a 17-mT external magnetic field shown in Fig. 5(b) ], which is connected with the formation of DW in the NW (the magnetization distribution and the model MFM image are shown in Fig. 6 ). Note that if we removed the magnetic field, then the DW went back to the nucleated part. After increasing the field up to a 19-mT field, we observed the NW magnetization reversal accompanied by a reorientation of NP magnetic moments [see the MFM contrast distribution in a 19-mT external magnetic field shown in Fig. 5(c) ].
In configurations III and IV, the DW pinning effect was not observed experimentally. As an example, Fig. 7 shows the MFM images of the sequential stages of magnetization reversal for the system with magnetic configuration III. The initial state was prepared by sample magnetizing from right to left in a strong magnetic field and then the direction of magnetization in one NP was changed by the local field of the MFM probe [ Fig. 7(a) ]. After the initial state preparation, we applied an inversed external magnetic field directed opposite toward the NW magnetization. When H exceeded H Nuc , we registered the NW remagnetization [ Fig. 7(b) ]. This fact means that for configuration III, the depinning field is smaller than the DW nucleation field (H DIII < H Nuc ).
To estimate the pinning energy and the depinning fields for different configurations of magnetic moments in the NP subsystem, we calculated the dependence of the DW-NP interaction energy on the DW position [20] 
where M NW ( r ) is the magnetization distribution in the NW; H is the sum of magnetic stray fields from the NPs and the uniform external magnetic field H = H NP + H ex ; x DW is the position of the DW center; and the integration is performed over the NW volume. In estimating the numerical calculations we accepted that the NPs had a uniform magnetization and used the M NP ( r ) corresponding to the DW distribution directly from the OOMMF simulation. For simplicity, we neglected the distortion of the DW structure by NP fields and the back influence of DW on the NP magnetization (the model of rigid DW and NPs [31] ). The E NW (x DW ) depends on the relative orientation of the magnetization in NW and NPs. The results of calculations for configuration I are shown in Fig. 8 . The energy landscape has the potential well and DW is pinned at the position before the NPs. The value of the energy well is defined mainly by the magnetostatic interaction of the NW magnetization and the DW with the x-component of the NP stray field and does not depend on the DW orientation due to the system symmetry. The estimate of the activation energy E DI (in fact, the value of the right potential barrier) at zero field is 31.2 eV. In an external magnetic field the potential barrier is decreased [see curve 3 in Fig. 8(b) ] and at 11 mT (depinning field H DI ), it vanishes completely [see curve 2 in Fig. 8(b) ], which corresponds to the DW depinning. However, as seen from the micromagnetic simulation and experimental data the NP magnetic states are nonuniform [see MFM contrast distribution in Fig. 3(b) ] and the DW passage through the NP gate is accompanied by considerable NW-NP magnetization disturbance. Thus, the model of rigid NPs is not quite adequate and the results of model calculations [ Fig. 8(b) ] can be used only as the suggestive qualitative consideration.
The energy landscape E NW (x DW ) for configuration II is shown in Fig. 9(b) . The DW propagation is accompanied by overcoming the potential barrier in the region before the NPs. The estimate of the barrier magnitude at zero field is E DII = 15.6 eV and the corresponding depinning field is H DII = 5.5 mT. However, in configuration II, the NP magnetization is an opposite directed relatively external magnetic field, and as a consequence, the magnetic states of NPs and the NW region between the NPs are essentially nonhomogeneous [see MFM contrast distribution in Fig. 5(b) ]. Besides, the DW passage through the NP gate is accompanied by reorientation of the NP magnetic moments [see Fig. 5(c) ]. Thus in this case, the model of rigid DW and NPs is completely not As seen from Figs. 10(a) and 11(b), the potential barriers for configurations III and IV are much lower than for configurations I and II. The potential barrier for configuration III is E DIII = 4.8 eV and for configuration IV it is E DIV = 2.4 eV. The corresponding depinning fields are H DIII = 2.3 mT and H DIV = 1.5 mT. As seen, the experimental results are in qualitative accordance with the theoretical consideration. However, there are quantitative differences between the experimental and theoretical meaning depinning fields. We suppose that the high value of the depinning fields registered in the experiment can be connected with the surface roughness, NW internal microcrystalline structure, and changing of the NP and DW magnetization structure due to strong DW-NP magnetostatic interaction. Note that the coercivity of NPs and DW depinning E NW (x DW ) fields can be effectively tuned by the variation of the NP shape and aspect ratio.
Unlike the previously discussed system [20] , the present NW-NP configuration has the asymmetric potential relief for DW motion. The relation between H Nuc , H DI , and H DII enables the interesting possibility to realize a reconfigurable LC. A schematic of such an LC is given in Fig. 12 . The direction of the NP magnetic moments plays the role of input information, and the magnetization direction at the end of the NW is the output information. The operation algorithm for this LC is similar to the algorithm discussed in [20] . The performing of logical operation consists of several stages. The first stage is the LC initialization, when the logical 0 is written in NW by a uniform external magnetic field. The next stage is the input information Fig. 12 .
Schematic of the NW-NP logical cell and the coding of the input-output states. writing by magnetizing of NPs using localized magnetic fields, which can be generated, for example, by means of current buses. In the next step, the reversed testing magnetic field H T is applied along the NW. Depending on the NP moments direction, the DW can either be stopped at the gate or can pass through the gate that leads to the NW remagnetization. At the final stage the output code is read. The direction of magnetization at the free end of the NW can be determined using magneto-optical Kerr effect or local tunneling magnetoresistance measurements.
In contrast to the previously discussed system with NPs placed perpendicular to the NW [20] , the present system enables the realization of two different logical operations at the same LC. If the testing magnetic field is less than the depinning field for configuration II (H T < H DII ), this LC performs the operation of exclusive OR (so-called XOR).
The correspondence between the input and output parameters for this case is shown in Table I . On the other hand, if the testing magnetic field is more than the depinning field for configuration II, but less than the depinning field for configuration I (H DII < H T < H DI ), then this LC performs the OR logical operation. The correspondence between the input and output parameters for this case is shown in Table II. IV. CONCLUSION Thus, we have investigated the DW pinning effects in a planar system consisting of NW and two NPs located on either side of the NW and elongated parallel to the NW axis. The theoretical estimated calculations have shown that such an NW-NP system has the asymmetric potential relief for DW motion. The DW pinning energy and the corresponding depinning fields are strongly dependent on the spatial configuration of magnetic moments in an NP subsystem.
The MFM measurements have shown that depending on the relative orientation of magnetization in NW and NPs, there are two possibilities for DW pinning, at the potential well (configuration I) or near the potential barrier (configuration II). For the Ni 80 Fe 20 NW-NPs system consisting of 270 × 2800 × 15 nm NW with 700 nm nucleating pad and two 270 × 500 × 15 nm NPs (with 70 nm NW-NP separation), we registered the nucleating field H Nuc = 17 mT, depinning field H DI = 24 mT, and H DII = 19 mT. When the NP magnetic moments were set in configuration III or IV, DW pinning was not observed.
The relation between experimentally observed H Nuc , H DI , and H DII potentially enables the realization of LC with switchable logical operation. If the testing magnetic field is less than the depinning field for the potential barrier in configuration II (H T < H DII ), this system performs the XOR operation. On the other hand, if the testing magnetic field is more than the depinning field for configuration II, but less than the depinning field for configuration I (H DII < H T < H DI ), this system performs the OR operation. As future developments, the various exotic compositions of NW and complex multiparticle gates based on monolayer and multilayer planar structures are very prospective for the engineering of reconfigurable LCs and DW memory systems.
